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Abstract Trace elements (Fe, Mn, Al, Zn, Cr, Cu, Ni, Pb,
Cd, Hg, and As) and stable isotope ratios (d13C and d15N)
were analyzed in sediments, invertebrates, and fishes from
a tropical coastal lagoon influenced by iron ore mining and
processing activities to assess the differences in trace ele-
ment accumulation patterns among species and to investi-
gate relations with trophic levels of the organisms
involved. Overall significant negative relations between
trophic level (given by 15N) and trace element concentra-
tions in gastropods and crustaceans showed differences in
internal controls of trace element accumulation among the
species of different trophic positions, leading to trace ele-
ment dilution. Generally, no significant relation between
d15N and trace element concentrations was observed
among fish species, probably due to omnivory in a number
of species as well as fast growth. Trace element accumu-
lation was observed in the fish tissues, with higher levels of
most trace elements found in liver compared with muscle
and gill. Levels of Fe, Mn, Al, and Hg in invertebrates, and
Fe and Cu in fish livers, were comparable with levels in
organisms and tissues from other contaminated areas.
Trace element levels in fish muscle were below the inter-
national safety baseline standards for human consumption.
Coastal lagoons are inland shallow water bodies, usually
oriented parallel to the coast and connected to the ocean by
one or more restricted inlets (Kjerfve 1994). They occupy
approximately 13% of the total coastal zone on the planet,
including approximately 10% of the coast of South
America (Barnes 1980), and are abundant along the
Brazilian coast. They are often impacted by both natural
and anthropogenic influences (Mee 1978), functioning as
filters or material sinks of organic and inorganic material
supplied by rivers, adjacent soils, the atmosphere, and the
ocean for long periods of time (Kjerfve and Magill 1989). In
this context, coastal lagoons may be sensitive to chemi-
cal contamination mainly due to their relative shallow-
ness, long residence times, and restricted water exchange
(Lacerda 1994).
Trace elements, whether of natural or anthropogenic
origin, are present in all ecosystems throughout the world.
At high levels, trace elements are potentially toxic and may
disrupt biologic activities of aquatic ecosystems (Asante
et al. 2008), and may also bioaccumulate in the local
organisms. Bioaccumulation of trace elements is a complex
phenomenon controlled by a large number of physiologic
and environmental factors. Patterns of trace element
accumulation differ largely among species and trophic
position, depending on specific regulatory mechanisms of
body concentrations (Luoma and Rainbow 2005; Rainbow
2007).
Trophic relations in coastal lagoon food webs are par-
ticularly complex because of the involvement of a high
number of primary producers, a variety of detrital food
chains, and a high degree of interconnectedness (Knoppers
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1994; Alongi 1998). In addition to information on an
organism’s diet and analysis of gut contents, stable isotope
ratios (d13C and d15N) have been used to provide additional
information on the trophic level of organisms, food web
structure, and organic matter pathways (Minagawa and
Wada 1984; Michener and Schell 1994; France 1995).
Therefore, d15N can be used as an indicator of trophic
levels of organisms in food chains, and d13C can be used to
indicate relative contributions to the diet of different
potential primary carbon sources in a trophic network.
Moreover, the consistency of d15N enrichment at each
trophic level may be correlated with contaminant concen-
trations and has been used in numerous studies to estimate
trophic transfer of trace elements in aquatic food webs
(McIntyre and Beauchamp 2007; Marin-Guirao et al. 2008;
Ikemoto et al. 2008; Asante et al. 2008; Watanabe et al.
2008; Sharma et al. 2008). These studies have shown that
specific trace elements sometimes biomagnify, biodilute, or
do not change concentrations along food webs. The lack of
a clear pattern of trophic transfer among food chains is
probably determined by the trace element accumulation
pattern of the particular species involved and on the bio-
logic role of each element (Rainbow 2002; Wang 2002).
However, most of the studies available are focused on food
webs from temperate areas. Information about trophic
transfer and trace element accumulation patterns of species
from tropical aquatic food webs still remains scarce.
This study aimed to assess trace element accumulation
features (Fe, Mn, Al, Zn, Cr, Cu, Ni, Pb, Cd, Hg, and As) in
biota (invertebrates and fishes) from a tropical coastal
lagoon that receives effluents from iron ore mining and
processing activities located in southeastern Brazil. C and
N isotopic ratios were used to investigate the relation
between accumulation of trace elements and trophic levels
in the lagoon ecosystem. To assess if anthropogenic inputs
affect stable isotopes signatures and trace element levels in
the lagoon, trace element concentrations were also com-
pared with those from biota of surrounding regions.
Moreover, tissue variations in fish species were evaluated
to test for potential risks to human health.
Materials and Methods
Study Area
Ma˜e-Ba´ Lagoon is a freshwater coastal lagoon that receives
the final effluents from an iron ore mining and pelletizing
plant, named Samarco Minerac¸a˜o S/A, located in south-
eastern Brazil. Samarco has two industrial sites (Fig. 1): a
mining complex with a concentration plant, located in the
district of Mariana, Minas Gerais State (Germano site) and
a pelletizing plant with port facilities, located in the district
of Anchieta, Espı´rito Santo State (Ponta Ubu site). At the
mining complex, effluents with high content of solids are
produced and treated in two settling dams, named Germano
and Santare´m. The treated effluents flow to Santare´m Creek
and reach Gualaxo do Norte River, which is part of the
Doce River hydrographic basin. A pipeline (396-km long)
transports the ore mixed with water (i.e., slurry) to the
pelletizing plant. In this plant, the ore is separated from the
water, and the effluent flows to an artificial lake (North
Dam). Seasonally during high rainfall, this artificial lake
overflows into Ma˜e-Ba´ Lagoon. Ma˜e-Ba´ Lagoon is a
coastal lagoon without a direct surface connection to the
sea. It has an area of 5.0 km2 and an average depth of
Fig. 1 Map showing the studied area and position of the sampling sites
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1.9 m. The lagoon also receives untreated sewage and
represents an important source of animal protein for the
local population.
Site Selection
Invertebrates and sediments were collected simultaneously
at seven locations at Ma˜e-Ba´ Lagoon (sites ML-A to
ML-G, Fig. 1). For fish sampling, sites were grouped
according to three regions, named ML-AB (region closer to
North Dam), ML-CDE (located in the middle part of the
lagoon), and ML-FG (region far from North Dam). When
available, organisms from the tailing dam (Santare´m Dam,
site SD) and from the artificial lake (North Dam, site ND)
were also collected, to assess the direct influence of the
iron ore mining and processing on biota. In addition, two
nearby coastal lagoons (Icaraı´ [site IL] and Guanabara
Lagoons [site GL]), which do not receive effluents from
industrial process, were included as comparison sites.
Sediments
At each site, sediments were collected as substrates of
invertebrates. The number of sediment samples depended
on type of substrate and species found at each site (Mela-
noides tuberculata and Macrobrachium sp., for example,
were caught in 2 different substrates at sites ML-C, ML-F,
and ML-G). In total, 10 sediment samples were collected at
Ma˜e-Ba´ Lagoon (see Table 1 for distribution of number of
samples per site), and 3 samples were collected from the
surrounding areas. Each sediment sample was transferred
to a plastic bag and kept on ice in the field. In the labo-
ratory, individual samples were sieved in a 2-mm stainless
steel sieve to remove gravel particles and large detritus and
then oven dried at 50C to constant weight. After drying,
samples were ground in a marble mortar with a pestle,
identified, and stored in polyethylene bags. Aqua regia
(4 mL HNO3 70.5% [Ultrex; J. T. Baker, Canada] and
12 mL HCl 37% [Instra-Analyzed; J. T. Baker, Phillips-
burg, NJ]) was added to an aliquot of 0.5 g dry weight (dw)
and left at room temperature overnight. Afterward, samples
were digested in a microwave sample preparation system
(MDS-2000 at 1920 W; CEM, Mathews, NC) with 0 to
100% full power (630 W) capability adjustable in 1%
increments. For 12-position sample carousel, 5 sequential
stages of varying power and time intervals were pro-
grammed: (1) 30% power, 100 PSI, 4 minutes; (2) 80%
power, 120 PSI, 4 minutes; (3) 100% power, 170 PSI, 20
minutes; (4) 50% power, 170 PSI, 6 minutes; (5) no power,
no pressure, 15 minutes. Fumes from acidified sediment
extracts were released using N2(g) to avoid spectral inter-
ference of HNO3 with Hg analysis. Samples were finally
diluted to 100 mL with distilled deionized water. Analyses
of Fe, Mn, Al, Zn, Cr, Cu, Cd, Ni, Pb, and As were per-
formed using an inductively coupled plasma–atomic
emission spectrometer (ICP-AES, Varian Vista Axial
View; Mulgrave, Victoria, Australia), and Hg was mea-
sured using cold vapor atomic fluorescence spectroscopy
(CV-AFS; Cetac M-8000, Omaha, NE). Analyses were
performed according to standard methods (American
Public Health Association 1998).
Invertebrates
Invertebrates were collected in the littoral substrates using
a macrofauna net. Animals were sorted, washed with local
water, and transported in polyethylene flasks to the labo-
ratory. In the laboratory, organisms were chosen manually,
counted, and identified live with available keys. Important
macrofauna available in the sampling locations were
collected: freshwater snails Pomacea haustrum and
M. tuberculata (gastropods), shrimps Macrobrachium sp.
and crabs Ucides sp. (Crustaceans, Decapoda), and water
bugs belonging to the order Hemiptera. Information about
their feeding habits is listed in Table 2. Samples were held
overnight in water from the site for gut clearance. Indi-
viduals (numbers varied from 2 to 260, depending on the
species abundance at each site) were pooled to prepare 1
sample for each species–location combination (thus
avoiding pseudo replication), and the wet weight (ww) was
recorded. In total, 16 samples were analyzed for Ma˜e-Ba´
Lagoon (Table 1), and 7 samples were analyzed for the
surrounding areas. For gastropods, the soft tissues were
dissected for analysis, whereas the whole body was taken
for the other organisms. Organisms were stored frozen and
then freeze dried (Labconco) at –80C until constant
weight. Individual samples were ground in a marble mor-
tar, and an aliquot of 0.5 g dw was digested with 2 mL
distilled deionized water and 5 mL HNO3 70.5% (Ultrex)
in a microwave sample preparation system (MDS-2000 at
1920 W; CEM) with 0 to 100% full power (630 W)
capability adjustable in 1% increments. For a 12-position
sample carousel, 5 sequential stages of varying power and
time intervals were programmed: (1) 50% power, 30 PSI,
10 minutes; (2) 100% power, 70 PSI, 5 minutes; (3) 100%
power, 100 PSI, 5 minutes; (4) 80% power, 125 PSI, 10
minutes; and (5) no power, no pressure, 15 minutes.
Samples were then diluted to 20 mL with distilled deion-
ized water for analyses. Total concentrations of Fe, Mn,
Zn, Al, Cu, Cd, Ni, Pb, Cr, and As were measured with
inductively coupled–plasma mass spectrometry (ICP-MS;
Thermo Finnigan Element 2; Bremen, Germany), and Hg
was measured with CV-AFS (PS Analytic Millenium
Merlin; Orpington, Kent, UK).
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Fishes
To sample the main components of the fish community in
the lagoons, samples were collected using gill nets of
various mesh sizes (20, 25, 30, 40, and 50 mm). They were
placed at the sites in the afternoon and removed the next
morning. A total of 61 individuals, representing 3 orders
and 8 species were collected: Perciforme (Geophagus
brasiliensis, Tilapia rendalli, Mugil liza, and Cichla ocel-
laris), Siluriforme (Hoplosternum littorale, Trachelyopte-
rus striatulus, and Rhamdia quelen), and Characiforme
(Hoplias malabaricus) (Table 2). Fish were transported on
ice to the laboratory and preserved frozen (–20C). They
were defrosted, and individual weights (± 0.1 g) and
lengths (± 1 mm) were measured. Whole fishes were dis-
sected shortly after thawing. Muscles from all individuals,
as well as gills and livers from fishes collected at site ML-
CDE, were removed and weighed. The tissues were freeze
dried at –80C until constant weight. Muscle, gill, and liver
of the specimens of each species–location combination
were pooled to avoid pseudo replication and homogenized.
In total, for muscle tissue, 16 samples were analyzed for
Ma˜e-Ba´ Lagoon (Table 1), and 3 samples were analyzed
for the surrounding areas. For gill and liver tissue, 8 and 7
samples, respectively, were analyzed for Ma˜e-Ba´ Lagoon.
Fish samples were ground in a marble mortar, and an ali-
quot of 0.5 g dw was digested with 2 mL distilled deion-
ized water and 5 mL HNO3 70.5% (Ultrex) in the
microwave sample preparation system as previously
described. Samples were then diluted to 20 mL with dis-
tilled deionized water for analyses. Total trace element
concentrations were measured as previously described. To
compare our values with those in the literature, we calcu-
lated trace element concentrations on a wet-weight basis by
dividing the dry-weight results by the calculated conver-
sion factor of lost humidity. Condition factors ([body
weight (g)/(length (cm)) 3] 9 100) and liver somatic
indexes ([liver weight (g)/body weight (g)] 9 100) were
not significantly different among locations and therefore
did not affect the results.
Stable Isotopes Analysis
To determine whether differences in trace element uptake
of preys could explain the variability of concentrations in
their predators, the relations between predator and prey
and the different trophic levels were identified within
Ma˜e-Ba´ Lagoon using stable isotopes and available die-
tary information. For interpretation of fish data, only
muscle from the dorsal region was taken because its
isotopic composition is expected to be less variable than
the other parts of the body (Pinnegar 1999; Zuanon et al.
2006).T
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Oven-dried sediments and freeze-dried invertebrates and
fish samples were homogenized, and subsamples were
weighed in tin capsules on a microbalance (Sartorius M2P;
Goettingen, Germany) for analyses of N (1.2 ± 0.2 mg)
and C (0.5 ± 0.1 mg). Stable isotopes were measured in
separate runs for N and C using an elemental analyzer
(NC2500; ThermoQuest Italia, Rodana, Italy) coupled with
an isotope ratio mass spectrometer (Delta Plus; Thermo-
Quest Finnigan, Bremen, Germany).
Stable isotope values were expressed as a ratio (R) of the
heavy to the light isotope (13C/12C or 15N/14N) and stan-
dardized with respect to internationally recognized refer-
ence materials (atmospheric air for N and VPDB [Vienna
Pee Dee belemnite] for C) as follows (Equation 1):
d &ð Þ ¼ Rsample=Rreference
  1  1000: ð1Þ
The official standards used for d13C were as follows: (1)
United States Geological Survey-24 graphite (National
Institute of Standards and Technology [NIST], Gaithers-
burg, MD; d13C –16.05%); (2) IAEA-601 benzoic acid
(International Atomic Energy Agency, Vienna, Austria,
d13C –28.81%); and (3) IAEA-CH7 PEF (d13C –32.15%).
The official standards used for d15N were IAEA-N1
(0.43%) and IAEA-N2 (20.41%). An organic peat soil
sample with a known value of d13C –28.5% and d15N
–1.01% was used as quality control. Instrument precision
was better than 0.15% for C and N based on replicate
analysis of standard reference materials.
Quality Control
Analytic quality of the trace element determinations in
sediments was monitored by comparison with the standard
reference material 1944 (New York/New Jersey waterway
sediment [NIST]). For invertebrates and fishes, quality
control was assured by the certified reference material
DOLT-2 (dogfish liver, National Research Council,
Ottawa, Canada) and the standard reference material 2977
(mussel tissue [NIST]). Comparison of measured concen-
trations in the reference materials with the certified values
showed agreement within ± 10% for most elements. The
exceptions were Hg and As for invertebrates, Hg and Ni for
fish, and Cr and Ni for sediments, for all of which the
matching was within ±20%. Cr in fish and Mn in sediment
showed a less favorable matching (±30%). For these
metals, the results were accepted because of the satisfac-
tory repeatability (coefficient of variation \15% for Cr
and \5% for Mn) and were used only for relative com-
parisons. The recovery for Al in sediment measurements
was low (30% ± 3%). This was probably explained by its
association with silicates, which were not decomposed in
acid digestion with aqua regia. Therefore, we excluded Al
from the data analysis for sediments.
During analysis, calibration and verification standards
were regularly used in measurements series to evaluate the
calibration curves. Blank verification samples were fre-
quently run to verify absence of carryover effects. Stan-
dards and internal control samples were included in the
final analysis to correct for drift of baseline and response
factor during analysis. Analytic detection limits were based
on three times the SDs of the reagent blanks measurements.
Detection limit for sediments analysis was (in lg/g dw) 60
for Fe, 0.24 for Mn, 0.59 for Zn, 0.43 for Cu, 1.2 for Cr,
0.13 for Pb, 0.07 for Ni, 0.01 for Cd, 0.17 for As, and 0.002
for Hg. For invertebrates, detection limit was (in lg/g dw)
0.90 for Fe, 0.10 for Mn, 0.80 for Al, 0.60 for Zn, 0.06 for
Cu, 0.02 for Cr, 0.02 for Pb, 0.03 for Ni, 0.01 for Cd, 0.005
for As, and 0.004 for Hg. In the case of fish analysis,
detection limit was (in lg/g dw) 0.40 for Fe, 0.01 for Mn,
5.5 for Al, 0.20 for Zn, 0.10 for Cu, 0.04 for Cr, 0.01 for
Table 2 Invertebrates and fish species collected in the study area and their ecologic characteristics
Local name (popular name) Scientific name Feeding type (food items) Biotic compartment
Red-rim melania (snail) M. tuberculatus Detritivorous, herbivorous (organic debris) Plants, benthos
Snail P. haustrum Herbivorous Plants, benthos
Shrimp Macrobrachium sp. Omnivorous (detritus, algae, animal prey) Benthos
Crab Ucides sp. Omnivorous (detritus, algae, animal prey) Benthos
Water bug Hemiptera (order) Omnivorous (fluids of plants, insects, small animals) Benthos
Acara´ (pearl cichlid) G. brasiliensis Omnivorous (debris, algae, invertebrates) Benthopelagic
Tila´pia T. rendalli Omnivorous (debris, algae, invertebrates) Benthopelagic
Cambota´, Cascudo (catfish) H. littorale Omnivorous (debris, algae, invertebrates) Demersal
Tainha (mullet) M. liza Omnivorous (debris, algae, invertebrates) Demersal
Cumbaca, Duia´ (singing catfish) T. striatulus Invertivorous (aquatic and terrestrial invertebrates) Demersal
Bagre, Jundia´ (freshwater catfish) R. quelen Carnivorous (fish: acaras and invertebrates) Benthopelagic
Traı´ra H. malabaricus Carnivorous (fish: acaras, tilapias, and invertebrates) Benthopelagic
Tucunare´ C. ocellaris Carnivorous (fish: acaras and tilapias) Benthopelagic
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Pb, 0.02 for Ni, 0.005 for Cd, 0.02 for As, and 0.01 for Hg.
The repeatability was further monitored by duplicate
detections of each sample. All reagents used during anal-
ysis were of at least analytic grade.
Statistical Analysis
Statistical data analysis was performed using the software
package SPSS for Windows (version 16.0; SPSS, Chicago,
IL). One half of the value of the limit of detection of each
trace element was substituted for those values below the
limit of detection and applied in statistical analyses. The
combinations of species and locations, built up by grouping
various individuals per species, enabled us to decrease SDs
and biases in estimates of the averages. Before statistical
analysis, data were tested for normality using Kolmogorov-
Smirnov test and for homogeneity of variance using
Levene’s test (Field 2005). Logarithmic transformations to
correct for nonhomogeneous variance and nonnormality
were applied when necessary. Independent sample t tests,
one-sample t tests, and one-way analysis of variance
(ANOVA) with Bonferroni post hoc tests were used to
compare the concentrations of trace elements among
compartments (sediments N = 10, invertebrates N = 16,
and fishes N = 16), among fish tissues (muscle N = 8,
liver N = 7, and gill N = 8), and among species (for
example, gastropods M. tuberculata and P. haustrum
N = 8 and Macrobrachium sp. N = 6). For those variables
that did not show a normal distribution or a homogeneous
variance, not even after transformation, nonparametric
Kruskal-Wallis and Mann-Whitney tests (with Bonferroni
correction) were applied. Simple linear regression analysis
was employed to analyze relations between trace element
concentrations and d15N. Because of the different number
of observations among species, regressions were performed
with a weighted least squares model to assure that all
species contributed equally to the regression analysis. A
probability value \0.05 was considered to indicate statis-
tical significance in this study.
Results and Discussion
Trace Element Accumulation in Sediments and Biota
The concentrations of trace elements in sediments, inver-
tebrates, and fishes (muscle) from Ma˜e-Ba´ Lagoon are
listed in Table 1. Concentrations of Fe, Cr, Ni, Pb, and Cd
were significantly higher in sediments than in invertebrates
and fishes (Mann-Whitney test, p \ 0.05). The concentra-
tions of several elements—such as Fe, Mn, Al, Zn, Cu, Cr,
Ni, Pb, and As—in invertebrates were significantly higher
than in the fishes analyzed (Mann-Whitney test, p \ 0.05).
Trace element levels in invertebrates varied widely among
taxa and even within closely related taxa (Table 1). The
gastropods M. tuberculata and P. haustrum generally had
the highest element levels, whereas Macrobrachium sp.
showed the lowest trace element content (independent
sample t test, p \ 0.05). Among the crustaceans, the crab
Ucides sp. generally showed higher trace element levels
compared with the shrimp Macrobrachium sp. (one-sample
t test, p \ 0.05). However, in this study regarding N = 1
for Ucides sp., data from Pereira et al. (2008) corroborate
this finding. Possible explanations for intertaxon variability
in element concentrations include species-specific differ-
ences in bioaccumulation dynamics as well as differences
in trace element exposure, such as those related to dietary
preferences, foraging behavior, food web structure, and
trophic position (Croteau et al. 2005).
Trace element concentrations in fish muscle (except Cd)
showed no significant correlations with fish length, indi-
cating that the results were not affected by potential dif-
ferences in fish age. Relatively high concentrations of Hg
were observed in H. malabaricus (average 1.0 lg/g dw)
compared with other fish species (\0.01 to 0.29 lg/g dw).
Concentrations of toxic elements, such as Cd, Pb, As, Ni,
and Cr, were low in fish muscle (\0.5 lg/g dw). Com-
paring fish tissues across all species, liver showed the
highest tissue concentrations of the essential metals Fe and
Cu, whereas Zn was significantly higher in liver and gill
(Table 3) (one-way ANOVA p \ 0.05 for Fe and Zn and
Mann-Whitney test p \ 0.05 for Cu). The trace metals Hg
and Cd were high not only in liver but also in muscle,
whereas Mn and Cr were significantly higher in gill com-
pared with muscle (one-way ANOVA p \ 0.05). Higher
trace element levels in fish tissues were generally found in
the species H. littorale, R. quelen, H. malabaricus, and
C. ocellaris (Tables 1 and 3). Despite the fact that the
species R. quelen, H. malabaricus and C. ocellaris have
piscivourous habits, they may also feed on benthic inver-
tebrates and sediments, preferring the muddy bottom of
shallow waters (Menezes and Figueiredo 1980). High trace
element concentrations usually occur in fish associated
with substrata or in fish that feed on it.
Relations Between d13C and d15N Values
Stable carbon isotope values varied greatly among food
web components at Ma˜e-Ba´ Lagoon (–33.9% to –15.4%),
suggesting assimilation of carbon from a variety of sources
(Table 1 and Fig. 2). The sediments, sampled to estimate
the source of organic matter, were lighter in d13C
(–26.2% ± 2.3%) compared with invertebrates and fishes
(–23.2% ± 3.4%) (one-way ANOVA, p \ 0.05). Among
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the fish species, the d13C value for H. littorale strongly
deviated (–33.9%) from that of the other species
(–22.6% ± 1.6%) (Table 1). Because H. littoralle feeds
on different carbon sources, this species probably belongs
to a different food chain and therefore was excluded from
analysis of trace element trophic transfer. Based on isotopic
values for primary producers reported in the literature for
Brazilian freshwater ecosystems, we infer that most fish
species from Ma˜e-Ba´ Lagoon are probably benthic con-
sumers, receiving significant part of their energy from
sources such as algae (d13C between –19% and –25%)
(Brito et al. 2006) and macrophytes (d13C between –25.5%
and –27%) (Garcia et al. 2006).
Stable nitrogen isotope data (ranging from 1.4% to
11.1%, Table 1 and Fig. 2), were used to indicate trophic
positions of organisms in the food web of Ma˜e-Ba´ Lagoon.
The value of d15N for sediments was 3.7% ± 1.6%.
Among the invertebrates, the gastropods P. haustrum and
M. tuberculata and the insect Hemiptera occupied the
lower position in the food web (d15N 5.0% ± 0.8%). The
next level was composed by the crustaceans Macrobrach-
ium sp. and Ucides sp., the omnivorous fishes G. brasili-
ensis, T. rendalli, and M. liza, and the invertivorous fish
T. striatulus (d15N 8.3% ± 1.4%). The carnivorous spe-
cies R. quelen, H. malabaricus, and C. ocellaris occupied
higher trophic position (d15N 9.9% ± 0.9%).
Table 3 Trace element concentrations (lg/g dw) in gills and liver from fishes collected at Ma˜e-Ba´ Lagoon (region ML-CDE)
Species Tissue Fe Mn Al Zn Cu Cra Pb Ni Cd Hg As
G. brasiliensis Liver 867 20 335 58 15 0.37 0.27 0.16 0.15 0.09 0.25
Gill 234 11 \5.5 124 1.5 0.13 0.03 \0.02 0.01 \0.01 0.10
T. rendalli Liver 280 7.5 14 141 15 0.20 0.09 0.06 0.07 0.09 0.08
Gill 289 7.0 13 93 2.7 0.33 0.06 0.04 0.01 \0.01 0.04
R. quelen Liver 1,121 4.8 \5.5 96 17 0.05 \0.01 \0.02 0.14 0.28 0.08
Gill 154 28 \5.5 85 1.9 0.32 0.04 \0.02 \0.005 0.05 0.03
H. littorale Liver 2,310 3.8 \5.5 110 150 0.10 0.02 0.03 0.03 0.02 0.04
Gill 214 23 \5.5 59 7.6 0.05 0.02 \0.02 \0.005 \0.01 \0.02
M. liza Gill 268 57 24 94 2.7 0.11 0.36 0.03 0.02 \0.01 0.12
T. striatulus Liver 567 3.9 \5.5 92 10 0.17 0.02 \0.02 0.08 0.07 0.07
Gill 186 13 \5.5 113 3.2 0.39 0.03 0.04 0.01 0.02 0.08
H. malabaricus Liver 1,835 5.0 \5.5 305 195 \0.04 0.08 \0.02 0.08 0.09 \0.02
Gill 118 31 6.6 356 1.9 0.60 0.03 0.07 0.03 \0.01 0.03
C. ocellaris Liver 610 19 \5.5 201 51 0.06 \0.01 0.04 0.05 0.24 0.04
Gill 86 24 \5.5 124 1.2 0.39 \0.01 \0.02 0.01 \0.01 \0.02
a The methods applied for Cr have limited reliability
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Fig. 2 Mean ± SD d13C and
d15N of sediments,
invertebrates, and fishes from
Ma˜e-Ba´ Lagoon
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Fish body size significantly increased with trophic level
(as indicated by d15N) (Fig. 3). The differences in d15N
values among different length classes probably reflect
changes in feeding behaviour of larger individuals com-
pared with smaller ones. Moreover, they also suggest that
age is an important factor controlling the trophic position
of fishes in the food web.
Relations Between Trace Element Content and d15N
Values
Relations between the d15N and the log-transformed con-
centrations of trace elements in biota were examined to
investigate the trophic level–dependent accumulation of
trace elements in the organisms from Ma˜e-Ba´ Lagoon
(Fig. 4). Concentrations of all trace elements, except Hg,
decreased with increasing d15N values because significant
(p \ 0.05) negative slopes were obtained for all elements
analyzed (Table 4). Previous studies have shown negative
correlations between d15N and various trace elements in
different food webs (Campbell et al. 2005; Asante et al.
2008; Marin-Guirao et al. 2008), suggesting that some
elements might be partially biodiluted with increased tro-
phic level or might be bioconcentrated by organisms, but
they do not biomagnify in food chains.
Because of comparisons between invertebrates and
fishes can be biased due to biologic differences among
species (Reinfelder et al. 1998), linear regressions were
also performed separately for invertebrates and fishes at
Ma˜e-Ba´ Lagoon (Table 4). As indicated by the significant
p values, d15N values were negatively correlated with trace
elements in invertebrates (except for Cu, Zn, and As).
However, except for Mn, no correlation between d15N and
trace elements was observed in fishes (p [ 0.05). Even
with respect to Hg, a trace metal that usually biomagnifies
in higher-trophic animals, no significant positive correla-
tions with d15N were observed in this study. This lack of
clear trend may be due to the fast growth of fish species in
the tropical areas, which could result in growth biodilution,
as observed by Desta et al. (2007) in African catfish and by
Ikemoto et al. (2008) in different species from Southeast
Asia.
Decreasing concentrations of trace elements with tro-
phic levels in invertebrates may be explained by species
differences. The higher levels recorded in the gastropods
M. tuberculata and P. haustrum compared with the crus-
tacean Macrobrachium sp. reinforced the negative regres-
sions observed. Gastropods are good trace element
accumulators, which can probably be explained by their
feeding habits of taking in sediment-bound and organic
matter-adsorbed metals (Adewunmi et al. 1996; Eisemann
et al. 1997; Lau et al. 1998; Callil and Junk 2001).
Moreover, trace element assimilation efficiency in gastro-
pods is high due to the binding of trace elements in
available form, such as metallothioneins, or in less avail-
able forms, such as mineralized phosphate granules (Wang
2002). Although the diet of the crustacean decapods is
based on detritus, it also includes several other items, such
as insects, fish remains, small crustaceans, mollusks, and
Polychaeta (Albertoni et al. 2003). These prey and food
items probably show poor trace element assimilation,
therefore limiting trophic transfer to their predators.
Moreover, as suggested by Watanabe et al. (2008), inver-
tebrates at higher trophic levels may exhibit increasingly
efficient excretion of certain elements. With respect to
some essential metals, such as Cu and Zn, decapod crus-
taceans have developed mechanisms to regulate their body
concentrations, showing constant total body concentrations
independently of external environmental concentrations
(Marsden and Rainbow 2004).
In the case of fish species, the general absence of sig-
nificant relations between trace elements and d15N, as well
as the lack of clear patterns given by the signs of the slopes
of the regression equations (Table 4), reflect the influence
of omnivory on the species studied (Jardine et al. 2006).
This means that the individuals collected, mostly juveniles,
feed on more than one trophic level, despite being pro-
gressively enriched in d15N with age (as given by length).
Moreover, there is less variation on assimilation patterns of
trace elements among fish species than among inverte-
brates (Wang 2002). Furthermore, most trace elements
accumulate in certain organs, such as liver and kidney, but
are regulated to very low levels in fish muscle (Reinfelder
et al. 1998). Even when using whole fish tissue for analysis,
the same pattern is observed because muscle contributes to
the most mass to the body of a fish.
y = 0.14x + 6.33
R2 = 0.46
p = 0.005
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Fig. 3 Relation between d15N (%) and total length (cm) of fishes
(N = 15) from Ma˜e-Ba´ Lagoon
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Several explanations may be possible for the observed
lack of trophic transfer of trace elements among the study
organisms. Some of the elements are actively regulated
(e.g., Cu and Zn) (Van Hattum et al. 1991), excreted, or
detoxified and deposited as inert storage molecules (e.g.,
phosphate granules) and thus made unavailable for trophic
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transfer. In addition, some elements are poorly absorbed
from the diet (Friberg et al. 1979) or are absorbed from
other routes of exposure, such as adsorption over the gills
and uptake by way of ingested water.
Comparison of Trace Element Concentrations
With Those From Other Locations and With Guidelines
for Human Consumption
To assess if anthropogenic inputs affect stable isotopes
signatures and trace element levels at Ma˜e-Ba´ Lagoon, data
were compared with concentrations from the mining area
(sites SD and ND) and from two nearby lagoons (sites GL
and IL, which do not receive industrial effluents). The d13C
values in sediments (–31.2%) and invertebrates (P. haus-
trum –37.9% and Hemiptera, –43.1%) (Table 5) found
at ND were lighter than their counterparts from
Ma˜e-Ba´ Lagoon (sediments –26.2% ± 2.3%, invertebrates
P. haustrum –26.1%, and Hemiptera –24.8%) (Table 1).
In contrast, d15N values in sediments (7.6%) and inverte-
brates (P. haustrum 10.4% and Hemiptera 11.5%)
(Table 5) at ND were heavier than their counterparts from
Table 4 Linear-regression equations between log-transformed concentrations of trace elements and d15N for invertebrates (five species) and
fishes (seven species) from Ma˜e-Ba´ Lagoon
Elements Invertebrates and fishes (N = 31) Invertebrates (N = 16) Fishes (N = 15)
Slope Intercept R2 p Slope Intercept R2 p Slope Intercept R2 p
LogFe –0.362 4.955 0.589 <0.001 –0.439 5.582 0.380 0.011 –0.014 1.636 0.037 0.490
LogMn –0.463 4.456 0.764 <0.001 –0.514 4.976 0.676 <0.001 –0.073 0.716 0.298 0.035
LogZn –0.099 2.524 0.490 <0.001 –0.036 2.266 0.077 0.298 0.011 1.434 0.012 0.692
LogAl –0.331 3.993 0.619 <0.001 –0.408 4.640 0.593 <0.001 0.041 0.447 0.032 0.523
LogCr –0.193 0.584 0.441 <0.001 –0.257 1.000 0.285 0.033 –0.065 –0.620 0.070 0.342
LogCu –0.265 2.725 0.567 <0.001 –0.006 1.554 0.001 0.887 0.012 –0.052 0.014 0.672
LogPb –0.292 0.943 0.681 <0.001 –0.307 1.159 0.525 0.002 –0.075 –1.140 0.092 0.271
LogNi –0.317 1.242 0.694 <0.001 –0.272 1.198 0.505 0.002 –0.025 –1.584 0.025 0.577
LogHg –0.080 –0.461 0.078 0.128 –0.277 0.720 0.519 0.002 0.150 –2.591 0.094 0.267
LogCd –0.122 –0.407 0.370 <0.001 –0.350 0.823 0.692 <0.001 –0.064 –0.865 0.228 0.072
LogAs –0.358 2.152 0.537 <0.001 –0.139 1.251 0.147 0.143 0.015 –1.533 0.002 0.888
The values listed in bold are significant at p \ 0.05
N number of samples
Table 5 d13C and d15N (in %) and trace element concentrations (in lg/g dw) in sediments, invertebrates, and fish muscle collected at SD, ND,
GL, and IL
Site Species d13C d15N Fe Mna Al Zn Cu Cra Pb Ni Cd As Hg
Sediments
ND – –31.2 7.6 62 243 – 112 154 51 27 14 1.17 16 0.37
GL – –27.1 6.2 20 39 – 14 2.3 32 20 8.0 0.30 5.7 0.08
IL – –24.5 5.4 7.1 55 – 6.9 1.9 11 9.6 1.1 0.11 9.2 0.03
Invertebrates
ND P. haustrum –37.9 10.4 1,969 1,354 928 378 228 4.7 1.7 3.2 0.59 14 0.51
Hemiptera (order) –43.1 11.5 303 33 153 207 35 0.49 0.27 0.37 0.04 0.78 0.08
GL P. haustrum –23.8 5.9 5,306 7,363 2,141 269 96 4.5 1.6 2.4 0.39 8.0 0.52
M. tuberculata –23.5 7.3 11,912 312 2,327 106 36 2.5 1.1 1.6 0.30 4.1 0.57
Macrobrachium sp. –23.7 11.8 29 2.8 34 85 22 0.05 0.02 0.03 \0.01 0.60 0.04
IL Macrobrachium sp. –25.2 10.4 55 9.0 23 71 44 0.03 \0.02 0.05 0.01 1.6 0.17
Ucides sp. –25.2 8.5 1,119 34 979 114 28 0.67 0.31 0.27 0.14 0.62 0.35
Fishes
SD G. brasiliensis –21.8 6.5 103 8.6 30 29 1.1 0.15 0.03 0.03 0.02 0.06 2.5
GL H. littorale –23.9 11.5 90 1.2 115 22 1.7 0.33 0.05 0.04 0.04 0.10 0.37
IL G. brasiliensis –26.0 7.7 142 3.8 126 68 1.3 0.17 0.17 0.09 0.12 0.23 0.08
a The methods applied for Mn in sediments and Cr in fishes have limited reliability
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Ma˜e-Ba´ Lagoon (sediments 3.7% ± 1.6 %, invertebrates
P. haustrum 4.5%, and Hemiptera 5.6 %) (Table 1). It is
likely that the primary consumers at ND are receiving an
allochthonous carbon source and are greatly influenced by
higher nitrogen inputs due to industrial effluents, which
contain amines used in the flotation process. Generally,
trace element concentrations in sediments and inverte-
brates from ND were significantly higher compared with
Ma˜e-Ba´ Lagoon (one-sample t test, p \ 0.05). Moreover,
levels of Fe, Mn, and Hg were significantly higher in fish
collected at SD compared with its counterpart from Ma˜e-
Ba´ Lagoon (one-sample t test, p \ 0.05). These results
indicate that the iron ore mining and processing activities
constitute potential sources of trace elements to the
lagoon. However, because bioavailability was predicted
to be low (Pereira et al. 2008), trace element contami-
nation of the local biota seems to be limited at Ma˜e-Ba´
Lagoon.
Trace element levels, except for Cd, As, and Hg, in
P. haustrum from GL were higher than levels found at
Ma˜e-Ba´ Lagoon. Moreover, trace element concentrations
in fish muscle from GL and IL were generally significantly
higher than levels recorded in the same species from Ma˜e-
Ba´ Lagoon (one-sample t test, p \ 0.05) (Table 5). These
results confirm the occurrence of anthropogenic inputs
(probably by atmospheric deposition) and the predicted
high trace element bioavailability in these lagoons (Pereira
et al. 2008).
Except for Fe, Mn, Al, and Hg, concentrations of trace
elements in invertebrates collected at Ma˜e-Ba´ Lagoon
were lower than levels found for other species from
contaminated areas elsewhere (Carvalho et al. 1991; Silva
et al. 2001; Amado-Filho et al. 2008). Levels of Fe (27 to
13,623 lg/g dw), Mn (4 to 2,703 lg/g dw), and Al (9 to
3,995 lg/g dw) are probably related to the presence of
these elements in the local sediments, which are rich in
iron oxides released by the mining operations. The con-
centrations of Hg in gastropods (0.24 to 1.3 lg/g dw)
from Ma˜e-Ba´ Lagoon are consistent with the data of
Lacerda et al. (1991) and Callil and Junk (2001), who
observed similar Hg levels in gastropods in areas where
this metal was used in the gold-extraction process.
Although these species are not in the diet of the local
human population, their contamination can represent a
potential risk to the local ecosystem because of their
importance for local food webs.
Levels of Fe (280 to 2,310 lg/g dw) and Cu (10 to
195 lg/g dw) in fish livers from Ma˜e-Ba´ Lagoon are
comparable with those of other species from freshwater
systems considered to be polluted by trace metals (Swales
et al. 1998; Avenant-Oldewage and Marx 2000; Lwanga
et al. 2003; Wagner and Boman 2003; Yilmaz et al. 2007).
However, concentrations of all trace elements in fish
muscle were low and did not exceed the maximum levels
for consumption established by Brazilian legislation (Brasil
1965, 1998). Levels were also lower than permissible
limits reported by the Food and Agriculture Organization
of the United Nations (FAO; Nauen 1983), the United
States Environmental Protection Agency (USEPA 1989),
and the European Union (2001). Based on the maximum
acceptable weekly intake quantity of trace elements as
defined by the USEPA (1998) and the FAO/World Health
Organization (2007), we conclude that fish muscle of all
species studied from Ma˜e-Ba´ Lagoon is suitable for human
consumption. People must eat, on average, [20 kg fish/
week to exceed the recommended safety limits for trace
element intake.
Conclusion
This study has shown that trace element accumulation in
biota from a tropical coastal lagoon depends not only on
the trophic position of the organisms but also on the
characteristics of the species involved. Gastropods, which
occupy lower trophic positions, generally show higher
trace element levels than crustaceans and fishes, probably
explained by their feeding habit based on detritus and their
high metabolic capacity of trace elements. Although age
(based on length) covaries with the trophic position of
fishes, it does not influence the concentration of trace
elements. Omnivory, low variation in trace element
assimilation, and fast growth may explain the general lack
of correlation between d15N and trace element levels in
fishes. Trace element accumulation is variable among fish
tissues, with higher levels of most trace elements in liver
compared with muscle and gill. Trace element concentra-
tions in fish muscle are lower than international safety
baseline standards for human consumption. Organisms
from other contaminated sites, including the stations
directly influenced by the iron ore mining and processing
waste and from two nearby coastal lagoons, are generally
exposed to higher levels of trace elements than those from
the studied lagoon.
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